Background: Early detection of prostate cancer (PCa) centers on measurements of prostate-specific antigen (PSA), but current testing practices suffer from lack of specificity and generate many unnecessary prostate biopsies. Soluble urokinase plasminogen activator receptor (uPAR) is present in blood in both intact and cleaved forms. Increased uPAR in blood is correlated with poor prognosis in various cancers, but uPAR has not been shown to be useful in PCa diagnostics. We assessed the ability of immunoassays for specific uPAR forms to discriminate PCa from benign conditions.
urokinase plasminogen activator (uPA) is a major step in the activation of the matrix-degrading protease system in cancer (2 ) . uPA is secreted as an inactive proenzyme, which localizes on the cell surface by binding to a glycolipid-anchored cell surface receptor, urokinase plasminogen activator receptor (uPAR). Binding to uPAR enhances the activation of uPA proenzyme because of the proximity of cell-surface-bound plasminogen. uPAR consists of 3 homologous 3-finger domains, of which the amino-terminal domain (I) is required for binding to uPA. However, all domains are needed for high-affinity binding (3, 4) . uPA can cleave uPAR in the linker region between domains I and II, liberating domain I [uPAR(I)] and leaving the remainder of the molecule [uPAR(II-III)] on the cell surface (5 ) . In addition, uPAR can be shed from cells by cleavage at the lipid anchor by phospholipases or proteases, liberating full-length uPAR(I-III) and/or uPAR(II-III) (6, 7) .
uPAR is expressed in many types of human cancers, often primarily by stromal cells (1 ) . In PCa tissue, uPAR is expressed by macrophages and neutrophils (8 ) . Cleaved uPAR forms are present in several neoplastic cell lines and tissues (9, 10 ) . Increased plasma concentrations of soluble uPAR forms (suPAR) have been found in patients with non-small cell lung cancer (11 ) and colon cancer (12 ) . Furthermore, ovarian cancer cyst fluid contains soluble uPAR(II-III) (13 ) , and urine from patients with acute myeloid leukemia contains uPAR(I) and uPAR(II-III) (14 ) .
Measurements of uPAR forms carry prognostic significance. The concentrations of uPAR in tumor tissue indicate prognosis in squamous cell lung cancer (15 ) , colon cancer (16 ) , and breast cancer (17 ) . In squamous cell lung cancer, uPAR(I) is a stronger prognostic indicator than is total uPAR immunoreactivity (18 ) , and in colorectal cancer (19 ) and breast cancer (20 ) , the concentration of suPAR in blood is significantly associated with prognosis. For PCa, however, measurement of suPAR has not been useful (21, 22 ) . Individual forms of uPAR, however, have not yet been tested for association with PCa. In this study, we assessed the ability of newly developed immunoassays designed for the specific measurement of different suPAR forms (10 ) in serum to discriminate between benign and malignant prostatic disease and compared the performance of theses assays with the performance of %fPSA, free and total PSA.
Materials and Methods immunoassays
uPAR. Three uPAR immunoassays, TR-FIA 1, TR-FIA 2 and TR-FIA 3, have been designed for the specific measurement of uPAR(I-III), uPAR(I-III) ϩ uPAR(II-III), and uPAR(I), respectively (10 ) . The detection limits were 0.3 pmol/L uPAR(I-III) for TR-FIA 1 and TR-FIA 2 and 1.9 pmol/L uPAR(I) for TR-FIA 3. The assays were previously validated for use in citrate plasma. To validate these assays for use in serum, we made 2 serum pools, using sera from 50 men with total PSA (tPSA) concentrations ranging from 0.2 to 28.7 g/L for each pool. We assessed the linearity of the assays by assaying serum diluted (1:2 to 1:128) in assay buffer.
To determine the limit of quantification, we added purified uPAR to uPAR-depleted serum and calculated the CV. To prepare uPAR-depleted serum, we diluted the serum 1:5 in 0.2 mol/L phosphate buffer (pH 7.4) containing 0.1 mol/L NaCl and passed the diluted serum over a protein A-Sepharose CL-4B (Pharmacia Biotech) to adsorb the uPAR. We then passed the eluate from the first column over a protein A-Sepharose column preloaded with a polyclonal rabbit anti-uPAR antibody (23 ) to adsorb the remaining uPAR. The depleted serum contained 7.7% of the initial amounts of uPAR(I-III) measured by TR-FIA 1 and only 4.4% of the initial amounts of uPAR(I-III) ϩ uPAR(II-III) measured by TR-FIA 2. Depletion of uPAR(I) reduced the TR-FIA 3 signal to 14% of that obtained before immunodepletion. We then added purified uPAR(I-III) and uPAR(I) to this depleted serum at concentrations of 0.016 -10 g/L [0.5-325 pmol/L uPAR(I-III) and 1.5-961 pmol/L uPAR(I)]. The limit of quantification was defined as the lowest concentration at which the CV did not exceed 20%.
We assessed the analytical specificities (i.e., immunologic cross-reactivities) of the assays by measuring the concentrations of the uPAR variants in the different assays before and after uPAR depletion of serum. Intraand interassay precision was determined by measuring 10 or 26 replicates of the serum pool in the 3 TR-FIAs. Because the amount of uPAR(I) in the 1:10-diluted serum pool was close to the limit of quantification, we determined the interassay precision of TR-FIA 3 by adding 480 pmol/L uPAR(I) to serum. All samples were diluted 1:10 in assay buffer before analysis. We determined the recoveries of calibrators added at concentrations of 0.041-8 g/L [3.9 -769 pmol/L uPAR(I) or 1.3-260 pmol/L uPAR(I-III)] in a serum pool diluted (10% by volume) in assay buffer. The recoveries were calculated from the slopes of the lines representing the uPAR(I-III) or uPAR(I) signals as a function of concentration, and 100% recovery was defined as the slope in assay buffer.
We calculated uPAR(II-III) by subtracting the moles of uPAR(I-III) measured in TR-FIA 1 from those of uPAR(I-III) and uPAR(II-III) measured in TR-FIA 2.
tPSA and fPSA. To detect tPSA and fPSA, we used the commercial version of a previously reported dual-label assay (DELFIA University Clinic (UKE) Hamburg, Germany, during 1999 -2001. Of these, 367 patients were evaluated for the presence of PCa because of increased tPSA concentrations, suspicious digital rectal examination (DRE), or both. These patients were evaluated by systematic (at least sextant) biopsy of the prostate, which was performed with transrectal ultrasound guidance. Biopsies were taken from the apex, mid region, and base of the left and right peripheral zones. An additional 23 serum samples were taken from patients undergoing transurethral or open surgery for symptomatic BPH in whom pathology work-up of the specimen revealed no evidence of cancer. The median (range) ages were 63 (43-76) years for cancer patients and 64 (47-85) years for noncancer patients. All sera were drawn before any prostatic manipulation. Patients who received 5␣-reductase inhibitors for symptomatic relief of BPH were excluded. The collected blood was processed to serum by centrifugation within 2 h; the serum samples were frozen within 6 h, stored at Ϫ80°C, and thawed only immediately before analysis.
statistical analyses
Descriptive statistics for the measured concentrations of tPSA, fPSA, uPAR(I-III), uPAR(I-III) ϩ uPAR(II-III), and uPAR(I) and the calculated %fPSA and uPAR(II-III) are given as the median (range). Correlation coefficients between these measurements were estimated by rank statistics (Spearman).
Tests for location between the 2 groups of patients were performed with the Mann-Whitney test, with the results obtained by the U-statistic normalized by the total number of combinations (i.e., an estimate of the probability that a randomly selected cancer patient has a higher concentration than a randomly selected non-cancer patient) denoted P(xϾy) and its P value.
Results for the total cohort of 390 patients (224 cancer patients and 166 noncancer patients) were analyzed in a blind, randomly organized manner. In addition, a subgroup analysis of those patients with tPSA between 2 and 10 g/L was subsequently performed.
The probability of cancer for multivariate data was estimated by logistic regression analysis. All entered covariates were log-transformed. Results are presented by the odds ratio (95% confidence interval). Regression diagnostics were evaluated by conventional techniques, and cross-validation was performed (24 ) . Significantly correlated covariates (r Ͼ 0.7) were not entered simultaneously into the multivariate model. ROC curves were generated, and the areas under the curves (AUCs) were calculated. Finally, we calculated the specificities for fixed sensitivities of 85%, 90%, and 95% for each covariate and the multivariate result, using a reduced-bias estimate for the predicted probability of an event. Similar estimates of the sensitivity for fixed specificities were calculated. The differences in sensitivity and specificity between models at selected cutpoints were evaluated by McNemar test. In addition, the false-positive (defined as the proportion of incorrectly classified cancers compared with the predicted number of cancers) and false-negative (defined as the proportion of incorrectly classified noncancers compared with the predicted number of noncancers) rates were estimated. P Ͻ0.5 was considered significant. All calculations were done with SAS software (Ver. 9.1; SAS Institute).
Results

validation of tr-fia assays
The limits of quantification (CV Ͻ20%) for uPAR(I-III) were 1.6 pmol/L in TR-FIA 1 and 2.0 pmol/L in TR-FIA 2. For uPAR(I) in TR-FIA 3, the limit of quantification was 1.9 pmol/L. The loss of linearity (defined as a deviation Ͼ20%) for TR-FIA 1, TR-FIA 2, and TR-FIA 3 occurred at 1.6, 2.8, and 3.8 pmol/L, respectively.
Intraassay imprecision (CV; Table 1 ) was Ͻ20% in all cases except for TR-FIA 3 in serum diluted 1:10, in which the uPAR(I) concentration was at the limit of quantification. We nonetheless used this dilution routinely because only limited sample volumes were available. Interassay imprecision results are given in Table 1 .
The recoveries in TR-FIA 2 and TR-FIA 3 were 89% and 99%, respectively. The recovery of uPAR(I-III) in 10% serum (in buffer) measured by TR-FIA 1 was only 75%. This may reflect that the serum pool contains uPA or another uPAR ligand that binds uPAR and thus prevents full recovery of the added uPAR(I-III).
findings in entire cohort
For the entire cohort of 390 patients, median (range) tPSA was 6.99 (0.27-87.1) g/L. The median tPSA concentrations were 7.82 g/L in patients with histologically confirmed PCa (n ϭ 224) vs 5.58 g/L in patients with no evidence of PCa (n ϭ 166). The concentrations of uPAR(I-III) and uPAR(I-III) ϩ uPAR(II-III) in all 390 samples were above the limits of quantification for the TR-FIA 1 and TR-FIA 2 assays, whereas in 6 of the 390 samples, the uPAR(I) concentrations were below the limit of quantifi- Table 2A . uPAR(I-III) and uPAR(I-III) ϩ uPAR(II-III) were highly correlated, whereas all uPAR measurements were weakly correlated with tPSA, fPSA, and %fPSA (Table 3 ). The Spearman correlation coefficients for patients, stratified by cancer/noncancer, showed similar results in each stratum (data not shown).
Multivariate analysis (Table 4A) of the above measurements included tPSA, %fPSA, uPAR(I-III), and uPAR(I), but uPAR(I-III)ϩuPAR(II-III) was not included because it was highly correlated with uPAR(I-III). Including age in the multivariate model did not alter the results (P ϭ 0.19, dichotomized by the median). uPAR(I-III) was not significant in the univariate model, whereas it was significant in the multivariate model including uPAR(I), suggesting an interrelationship between these covariates. The regression coefficients for uPAR(I) and uPAR(I-III) were similar in magnitude. The negative character of uPAR(I-III) implies that the model could be formulated as the ratio of uPAR(I) to uPAR(I-III). The 2 value for model 2 was 69.06 (compared with 69.52 for model 1), suggesting that the ratio of uPAR(I) to uPAR(I-III) adequately describes the data illustrated in Table 4A. patients with tPSA between 2 and 10 g/L Among 255 men with moderately increased tPSA (between 2 and 10 g/L), median tPSA concentrations were 6.31 g/L in 139 patients with PCa vs 5.14 g/L in 116 patients with no evidence of malignancy. The results of multivariate analysis in this subgroup are shown in Table  4B , where the ratio uPAR(I)/uPAR(I-III) is included (tPSA is not a statistically significant prognostic variable in the model).
roc analysis
To assess the accuracy of the multivariate models incorporating different combinations of variables, we calculated AUCs for the ROC curves (Fig. 1) . For the entire set of patients, the AUC of tPSA alone was 0.65 [95% confidence interval (CI), 0.60 -0.70]. For a model combining tPSA and %fPSA, the AUC was 0.75 (0.70 -0.80), which further increased to 0.78 (0.74 -0.82) for the combination of tPSA, %fPSA, and the ratio uPAR(I)/uPAR(I-III). This further increase was statistically highly significant (P Ͻ0.001).
In the entire tPSA range, specificities for tPSA were 15%, 24%, and 32% at sensitivities of 95%, 90%, and 85%, respectively. From this baseline, specificity increased by 10% to 19% when we used the calculated combinations of tPSA, fPSA, and the tested uPAR forms (Table 5A ). The widths of the 95% CIs for the shown sensitivities ranged from 9% to 13% and from 10% to 15% for the specificities. a No. of men in groups: n ϭ 224 for all patients with PCa; n ϭ 166 for all noncancer patients; n ϭ 139 for PCa patients with tPSA between 2 and 10 g/L; and n ϭ 116 for noncancer patients with tPSA between 2 and 10 g/L.
b Calculated. c In this group, 3 samples had uPAR(I) concentrations below the limit of quantification for TR-FIA 3. d In this group, 1 sample had uPAR(I) concentrations below the limit of quantification for TR-FIA 3. e In this group, 2 samples had uPAR(I) concentrations below the limit of quantification for TR-FIA 3.
For 90% sensitivity, the false-positive rate was 41% for tPSA, which decreased to 32% in the multivariate model. Similarly, the false-negative rate decreased from 46% to 24%. For patients with tPSA of 2-10 g/L (Fig. 1B) , the AUCs for %fPSA and for the combination of %fPSA with the ratio uPAR(I)/uPAR(I-III) were 0.68 (95% CI, 0.62-0.79) and 0.73 (0.67-0.79) (P Ͻ0.001). In this group, specificities for %fPSA were 10%, 19%, and 36% at sensitivities of 95%, 90%, and 85%, respectively. Specificity increased up to 41% when we used the calculated combinations of %fPSA and the tested uPAR forms (Table 5B ). The widths of the 95% CIs for the shown sensitivities ranged from 8% to 13% and from 10% to 15% for the specificities. For 90% sensitivity, the false-positive rate was 43% for %fPSA, which decreased to 41% for the multivariate model, whereas the false-negative rate was decreased from 39% to 31%. The tests for differences in sensitivities and specificities at the chosen cutpoints are descriptive and should not be interpreted as confirmative tests. This can also be seen in Fig.  1 , in which differences are even greater in the middle range. Moreover, false-positive and -negative rates are dependent on the study population and would differ in a population with another cancer prevalence.
Discussion
The results of this study indicate that uPAR forms can improve discrimination of PCa from nonmalignant sources of increased PSA and that tPSA and fPSA correlate only weakly with the concentrations of uPAR forms (Table 3) . Thus, uPAR forms are largely independent analytical variables, conceivably offering clinical information that is different from and additive to that contributed by fPSA and tPSA. Various mechanisms have been proposed for the release of soluble forms of uPAR in the serum, including cleavage at the lipid anchor by phospholipases and proteases to release full-length and cleaved receptor, cleavage and release of domain I by uPA or other proteases, or a combination of these events. Furthermore, it is possible that the amounts of uPAR(I) and uPAR(II-III) in the circulation may be directly related to the extent of uPA-catalyzed plasminogen activation and thus may be stronger diagnostic/prognostic markers than the total amount of uPAR. Increased concentrations of uPA in sera from PCa patients may be a confounding factor in measurements of uPAR because the increased amount of uPA observed in men with PCa (21, 25 ) may cause uPAR(I-III) concentrations to be underestimated in sera collected from these men. Among the measured 390 samples, all were above the limits of quantification for the TR-FIA 1 and TR-FIA 2 assays, and only 6 were below the experimentally determined limit of quantification for TR-FIA 3. Analysis of the diagnostic utility of the combination of uPAR forms with PSA forms can be accomplished by logistic regression analysis. Logistic regression analyses using combinations of variables frequently provide better discrimination than simple algorithms, e.g., ratios calculated from the individual measurements from each patient. Logistic regression analysis is instrumental in providing the basis for various risk analysis systems that support medical decision-making. The optimal cutoff concentration depends on whether high sensitivity or high specificity is preferred in detecting PCa. In this consecutive cohort of referral patients, men were either symptomatic for BPH or had been recommended for prostate biopsy because of previous findings of increased tPSA and/or abnormal DRE results. ROC analyses revealed significant clinical information from 2 of the 3 uPAR immunoassays, which measure uPAR(I-III) and uPAR(I).
The discriminative power of the uPAR forms as individual analytes is not as powerful as that of tPSA or %fPSA. In the unrestricted PSA group and in both groups, tPSA and %fPSA, respectively, discriminated highly significantly between biopsy outcomes. In contrast, only the directly measured uPAR(I) and the calculated uPAR(I)/uPAR(I-III) were significant discriminators. These improvements were achieved not only in relation to tPSA alone, but also in relation to the more recently introduced use of %fPSA.
The most clinically relevant application of uPAR measurements, as evidenced in our study, is the tPSA range Ͻ10 g/L. In this clinical scenario, the use of an algorithm that combines fPSA with uPAR would increase the AUC from 67% to 73%. It is in this tPSA range that the need for 
